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Abstract
We report highly efficient single photon generation from InGaAs self-assembled quantum dots
emitting within a two-dimensional photonic bandgap. A strongly suppressed multiphoton prob-
ability is obtained for single quantum dots in bulk GaAs and those emitting into the photonic
bandgap. In the latter case, photoluminescence saturation spectroscopy is employed to measure a
∼17 times enhancement of the average photon extraction efficiency, when compared to quantum
dots in bulk GaAs. For quantum dots in the photonic crystal we measure directly an external
quantum efficiency up to 26%, much higher than for quantum dots on the same sample without a
tailored photonic environment. The results show that highly efficient quantum dot single photon
sources can be realized, without the need for complex nanopositioning techniques.
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Practical and highly efficient single photon sources are a fundamental prerequisite for
elementary quantum optics, quantum cryptography [1] and linear optical quantum com-
putation [2]. Such devices should emit one and only one photon on demand at a defined
frequency and with high external quantum efficiency (η). Over the last decade single pho-
ton sources have been demonstrated using many different approaches, such as single atoms
[3], molecules [4, 5], color centers in solids [6], and semiconductor quantum dots (QDs) [7].
However, most of these approaches suffer from a very low η limiting the potential advantages
they offer, when compared to attenuated coherent pulses. The highest values of η have been
achieved using QDs coupled to various kinds of optical microresonators, such as microdisks
[8], microposts [9], and photonic crystal (PC) nanocavities [10]. However, the coupling of
single QDs to nanocavity modes is technologically challenging, requiring precise spatial and
spectral tuning of the QD emission. Here, we propose a much simpler route towards high η
single photon sources. Our approach is based on photonic bandgap (PBG) materials (with-
out cavities) to realize efficient single photon sources that can be used for applications in
quantum optics and quantum information processing.
In this Letter we present detailed optical studies of single self-assembled In0.5Ga0.5As
QDs, both inside and outside a photonic environment created by a two-dimensional (2D)
PC nanostructure. QDs inside the PC are shown to emit photons much more efficiently
when compared to those in the unpatterned substrate. This effect is shown to be due to the
efficient spatial redistribution of the spontaneous emission (SE) caused by the 2D-PBG [11].
Photon correlation measurements performed on QDs in bulk GaAs and in PCs both exhibit
clear photon antibunching, proving the single photon character of the emission. Power de-
pendent photoluminescence (PL) measurements recorded with pulsed excitation reveal that
photons emitted from QDs in the PC can be collected up to ∼ 17 times more efficiently than
those from QDs in bulk GaAs. Furthermore, we measure a η ∼ 26% which demonstrates the
great potential of single QDs in PCs as highly efficient and practical single photon sources
for quantum optics experiments and quantum information processing.
Our structure consists of an undoped GaAs substrate onto which a 500 nm thick Al0.8Ga0.2As
sacrificial layer was deposited by molecular beam epitaxy. Following this, a 180 nm thick
GaAs waveguide was grown with a single layer of self-assembled InGaAs QDs embedded at
the midpoint. PC nanostructures consisting of a triangular lattice of air holes were subse-
quently fabricated using standard e-beam lithography and reactive ion etching. In a final
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process step a free-standing GaAs membrane was established by HF wet chemical etching.
Full details of the sample structure and processing techniques can be found in Ref. [12].
The sample was mounted in a liquid He-flow cryostat (15 K) and excited by 2 ps dura-
tion optical pulses delivered from a mode-locked Ti-sapphire laser at a repetition rate of
flaser = 80 MHz. The excitation wavelength was chosen to be λexc = 850 nm, into the
wetting layer beneath the QDs. The emission from the sample was collected by a 100 ×
microscope objective (NA=0.8) providing submicron spatial resolution and was analyzed
using a 0.5 m imaging monochromator. For detection, we used a Si based charged coupled
device (CCD) camera for µ-PL experiments, a single silicon avalanche photo diode (tempo-
ral resolution of ∼ 350 ps) for time-resolved spectroscopy or a pair of similar detectors in
Hanbury Brown and Twiss [13] configuration setup for measuring the temporal statistics of
the SE from single QDs [14].
Under weak optical excitation the QD ensemble emits between 890 nm and 960 nm as shown
in Fig. 1a. The QDs have properties which are typical for InGaAs QDs, e.g. linear and
quadratic behavior for the intensity of single exciton (X) and biexciton (2X) transitions on
excitation power, respectively. Typical SE decay lifetimes for excitons were around 0.6 ns
as found previously for ensemble measurements [12]. To ensure that the QDs emit into the
PBG, we calculated the three-dimensional bandstructure for a GaAs 2D-PC with r/a=0.335,
where r is the radius of the air holes and a=280 nm the lattice constant of the PC. The
simulated r/a-ratio is obtained from scanning electron microscopy images of the investigated
PCs. The calculated photonic bandstructure is presented in Fig. 1b, showing the continuum
photonic bandedges (black solid lines), the appearance of a 2D-PBG (gray shaded region)
for TE-like polarized light from ∼750 nm to ∼1050 nm, and the light cone (blue shaded
region). The emission of the QD ensemble lies spectrally deep inside the PBG, such that
pronounced cavity quantum electrodynamic effects are expected [12]. To access the strength
of these effects we calculated the photonic density of states for the same parameter space
and obtained a strong suppression of the total photonic density of states within the spectral
region of the PBG (Fig. 1c). The 2D-PBG gives rise to a decreased number of optical states
in the plane of the PC into which the QDs can emit. Therefore, the QD emission is spatially
redistributed and directed perpendicular to the sample surface, which can be collected more
efficiently [12].
In Fig. 2a we compare µ-PL measurements for a typical single QD measured next to the
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PC in bulk GaAs (QDbulk, λQDbulk = 918.64 nm) and a pair of single QDs embedded in
the PC (QDPC1, λQDPC1 = 923.59 nm; QDPC2, λQD3PC2 = 944.80 nm). These data were
recorded using intermediate excitation power (10 Wcm−2) and a CCD multichannel detec-
tor. Clearly, the PL intensities of QDPC1 and QDPC2 appear to be much higher than QDbulk
when measured under similar excitation conditions. This observation already indicates that
the 2D-PBG serves to spatially redistribute the SE from QDPC1 and QDPC2, when compared
to QDbulk [15]. In order to prove this expectation, we studied the saturation behavior of
the intensity of the three QDs as a function of the excitation power density per pulse. The
results of these measurements are presented in Fig. 2b.
At low excitation powers(< 5 Wcm−2) we observe a linear behavior for all three QDs (with
slopes mQDbulk = 0.93, mQDPC1 = 0.88, and mQDPC2 = 1.19), clearly showing that these lines
arise from the radiative recombination of a single electron hole pair (exciton) in the QDs. In
strong contrast, at higher excitation power we observe a pronounced saturation of the µ-PL
intensity. In this regime (> 10 Wcm−2, light blue region in Fig. 2b), each excitation pulse
should give rise to one, and only one, photon at the exciton transition wavelength. Under
pulsed excitation the maximum optical power (PmaxQD ) generated by a QD is given by:
PmaxQD = ~ωQD · flaser. (1)
Where ωQD is the emitted photon frequency and flaser the laser repetition rate. In such a
scenario an excitation laser with flaser = 80 MHz should result in a maximum photon count
rate ΓmaxQD = P
max
QD /~ωQD = 8 × 10
7 cps emitted from a single QD. In reality, only a small
fraction of the emitted photons are detected in our experiment due to emission into guided
modes of the GaAs slab, the combined optical losses in the collection system and finite
detector detectivity. This reduction of the maximum photon count rate ΓmaxQD is directly
observed in the powerseries (PS) in Fig. 2b by the decreased values of the saturation
level ΓPSQDbulk = 165 ± 8 cps, Γ
PS
QDPC1
= 1637 ± 82 cps, and ΓPSQDPC2 = 2700 ± 135 cps,
for QDbulk, QDPC1, and QDPC2, respectively. Therefore, we deduce a relative extraction
enhancement (σ) for QDPC1 and QDPC2 in the PC compared to QDbulk in bulk GaAs from
the ratios σQDPC1 = Γ
PS
QDPC1
/ΓPSQDbulk = 9.9± 1.0 and σQDPC2 = Γ
PS
QDPC2
/ΓPSQDbulk = 16.4± 1.7,
respectively. This means that we can collect light from a QD in a PC nanostructure up to
∼17 times more efficiently than from a QD in bulk GaAs. The difference in the extraction
enhancement σQDPC1 when compared with σQDPC2 arises from a change of the local photonic
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density of states [16].
The value of σ extracted above represents the relative enhancement of the absolute photon
extraction efficiency η due to the PBG. We now continue to measure the absolute value of
η for the investigated QDs determining the combined photon count rates (ΓCorr) on both
single photon counters of a HBT setup for QDbulk, QDPC1, and QDPC2. Thus, we obtain
ΓCorrQDbulk = 3000 ± 300 cps, Γ
Corr
QDPC1
= 20000 ± 2000 cps, and ΓCorrQDPC2 = 40000 ± 4000 cps,
respectively, for an excitation power of 10Wcm−2, where all QDs are close to the saturation
regime (c.f. Fig. 2b). Quite generally, η is obtained by dividing the total photon count rate
ΓCorrQD on both detectors of the HBT by the detection efficiency of the setup ρdetection, the
quantum efficiency of the detector φdetector (φ
bulk
detector = 26.3%±0.6%, φ
PC1
detector = 28.2%±0.6%,
φbulkdetector = 21.5%± 0.4%), and the laser repetition rate flaser:
ηQD =
ΓCorrQD
flaser · ρdetection · φdetector
. (2)
The detection efficiency ρdetection of our measurement setup was carefully measured by
sending laser light, tuned to the emission wavelength of the three QDs, into the optical
detection system. Using a calibrated optical powermeter, we compared the optical power
reaching the avalanche photo diode (APD) detector with the optical power entering
the collection objective. This procedure resulted in an absolute detection efficiency
ρdetection = 0.875± 0.1%.
Inserting this value in eqn. (2) results in ηQDbulk = 1.6% ± 0.2%, ηQDPC1 = 10.1% ± 1.0%
and ηQDPC2 = 26.6% ± 2.7% for QDbulk, QDPC1 and QDPC2, respectively. By comparing
these values of η with ηQDbulk , we obtain an enhancement of the extraction efficiencies of
6.2 ± 1.8× for QD1 and 16.3 ± 0.9× for QD2, respectively. These values are in excellent
agreement with the values presented above for the relative enhancement σ estimated from
the power dependent measurements, supporting the validity of our simple analysis.
In Fig. 3a (left panel) we present a time-resolved µ-PL spectrum of QDbulk, from which we
extract an exciton lifetime of τbulk = 0.52± 0.05 ns, in good accordance with typical values
for InGaAs QDs [17]. The single-photon character of the QD emission is demonstrated by
measuring the second-order correlation function g(2)(τ). For the pulsed Ti:sapphire laser we
obtain a series of equally spaced peaks which correspond to the laser repetition rate (not
shown here). However, for a single photon emitter the peak at zero delay time should vanish
[18]. The measured histogram of QDbulk as a function of the delay time τ1 − τ2 between the
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two detectors (Fig. 3a (right panel)) shows clear signature of photon antibunching from
which we determine a reduction of the multiphoton probability to be less than ∼19%.
Similarly, we demonstrate the single photon character of QDPC1 and QDPC2 inside the PC.
QDPC1 exhibits a significantly longer lifetime τPC1 = 3.7±0.1 ns (Fig. 3b (left panel)) which
originates from the reduced photon density of states inside the PBG [19]. Nevertheless, the
correlation measurement (Fig. 3b (right panel)) indicates strong multiphoton suppression
due to the absence of the peak at zero delay time. The enhanced background between the
adjacent peaks arises due to the lifetime lengthening of the QD transition, which is reflected
in the correlation spectrum by the width of the pulses. This effect is even more pronounced
for QDPC2 which has a lifetime τPC2 = 12.1 ± 3.0 ns (Fig. 3c (left panel)), which is
comparable to the time between two adjacent laser pulses (1/flaser = 12.5ns). Therefore,
we no longer observe peaks in the correlation measurements (Fig. 3c (right panel)) but
a flat line, similar to photon correlation measurements under continuous wave excitation.
The continuous wave like characteristic of QDPC2 is also observed in its power series (Fig.
2b, black triangles), which shows a decrease of the PL intensity for high pumping powers
instead of the saturation expected for pulsed excitation [20]. The antibunching dip at
τ1 − τ2 = 0 ns still proves the single photon nature of the emission. The observation of
a higher value of η for QDPC2 compared with QDPC1 combined with the lower SE-rate,
indicates that non-radiative processes can be neglected in our experiment.
The observation of pronounced antibunching in the photon correlation measurements
combined with the measurement of the absolute external quantum efficiencies show that
QDs embedded in PC nanostructures are suitable for efficient single photon generation. The
enhanced emission is in very good agreement with systematic time-resolved PL experiments
performed on InGaAs QD ensembles in PC nanostructures [12]. Such an efficient single
photon source is a promising candidate to be used in quantum cryptography. When com-
pared to recently demonstrated single photon generation from QDs in microcavities [21, 22],
our approach is technologically less demanding, since we do not rely on deterministic
positioning [23] and spectral tuning of emitter [24] or mode [25].
In summary, we have presented efficient single photon generation from QDs inside a PBG
material. When compared to QDs in bulk GaAs (ηQDbulk = 1.6%), the incorporation of
QDs into a PC nanostructure enhances the quantum efficiency by a factor up to ∼ 17× and
results in an absolute extraction efficiency for QDs in the PC of ηQDPC2 = 26%. This is to
6
our knowledge the highest reported experimental value for the external quantum efficiency
in PC nanostructures. Furthermore, this value can easily be further enhanced, for example
by growing a distributed Bragg reflector below the PC slab waveguide in order to reduce
the losses of the photons emitted towards the GaAs substrate.
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FIG. 1: (color online) (a) µ-PL spectrum recorded from a QD ensemble. (b) Three-dimensional
calculation of the photonic bandstructure for the GaAs 2D-PC slab with r/a = 0.335, lattice
constant a = 280 nm and thickness d = 180 nm. The dark blue region denotes the light line. (c)
Corresponding photonic density of states as a function of the wavelength. The grey region denotes
the 2D-PBG.
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FIG. 2: (color online) (a) µ-PL spectra of single QDs in bulk GaAs (QDbulk) and in a PC
nanostructure (QDPC1, QDPC2) recorded with an excitation power of 10 Wcm
−2. (b) Power
dependent measurements for all three QDs indicating ground state emission due to the linear
behavior. The blue shaded region indicates the saturation regime.
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FIG. 3: (color online) (Left panel) Time-resolved PL data for QDbulk (a), QDPC1 (b), and QDPC2
(c), respectively. (Right panel) Corresponding photon correlation measurements for QDbulk (a),
QDPC1 (b), and QDPC2 (c), demonstrating clear signature of photon antibunching.
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